The ability of a virus population to colonize a novel host is predicted to depend on the equilibrium frequency of potential colonists (i.e., genotypes capable of infecting the novel host) in the source population. In this study, we investigated the determinants of the equilibrium frequency of potential colonists in the RNA bacteriophage f6. We isolated 40 spontaneous mutants capable of infecting a novel Pseudomonas syringae host and sequenced their host attachment genes to identify the responsible mutations. We observed 16 different mutations in the host attachment gene and used a new statistical approach to estimate that 39 additional mutations were missed by our screen. Phenotypic and fitness assays confirmed that the proximate mechanism underlying host range expansion was an increase in the ability to attach to the novel host and that acquisition of this ability most often imposed a cost for growth rate on two standard hosts. Considered in a population genetic framework, our data suggest that host range mutations should exist in phage populations at an equilibrium frequency (3 3 10
T HE increasing threat of disease emergence, especially among RNA viruses, provides considerable incentive for predicting whether and when virus populations will acquire the ability to colonize and adapt to a novel host. To make such predictions we must identify the factors that explain why viruses like human immunodeficiency virus (HIV) and influenza successfully adapted to human hosts, whereas viruses like severe acute respiratory syndrome caused outbreaks but failed to persist. Progress toward this goal will likely come from the application of ecological models that describe the colonization of sink habitats to the study of emerging pathogens (Sokurenko et al. 2006) . In this study, we focus on one of the primary predictors of colonization success in these models (Holt and Gomulkiewicz 1997; Gomulkiewicz et al. 1999; Holt et al. 2003 Holt et al. , 2004 : the rate of migration into the novel habitat.
In particular, we consider the scenario in which the ability to infect a novel host requires a mutation. In this case, the migration rate will depend jointly on the rate at which viruses are transmitted to the novel host and on the equilibrium frequency of potential colonists (i.e., genotypes capable of infecting the novel host) in the source population. Although transmission rate is determined by ecological factors that must be measured in the field, the equilibrium frequency of potential colonists is determined by two evolutionary factors that can be investigated in the laboratory: mutation and selection. Mutation will act to increase the frequency of potential colonists. In contrast, if the ability to infect a novel host imposes a pleiotropic fitness cost on the standard host, selection will act to reduce the frequency of potential colonists. An equilibrium will be achieved when the effects of mutation are exactly balanced by the effects of selection. Therefore, the equilibrium frequency of potential colonists in a population growing on its standard host will depend on the mutation rate, the number of different mutations that confer the ability to infect the novel host, and the abundance and magnitude of pleiotropic fitness costs among these mutations.
There have been numerous investigations of the identity and effects of mutations that expand host range (Grez et al. 1991; Subbarao et al. 1993; Morris et al. 1994; Shioda et al. 1994; Kozak and Chakraborti 1996; Llamas-Saiz et al. 1996; Doi et al. 1997; Jonah et al. 2003; Duffy et al. 2006) . However, several characteristics of these investigations limit their ability to predict equilibrium frequencies of potential colonists in natural populations. First, investigations of mutations that expand host range have tended to examine only one or a few mutations, making it difficult to infer whether other mutations are possible. Second, the mutations examined in these studies were usually the result of long-term adaptation in a laboratory or natural setting (i.e., fixed mutations). Fixed mutations have been sieved by natural selection acting on one or both of the standard and novel hosts, and therefore it is likely that 1 the distribution of pleiotropic fitness costs among fixed mutations will differ from the distribution among new spontaneous mutations. Finally, many of these investigations were of vertebrate viruses and fitness was assayed in tissue culture, which likely mimics the natural host environment to a limited extent (e.g., because the host immune system is missing).
To overcome these obstacles we investigated the possible genetic bases of host range expansion in the RNA bacteriophage f6, a model system in which it was possible to isolate a large random sample of mutants with an expanded host range and to measure fitness in a manner that more closely mimics the natural environment (i.e., we can measure fitness in unmanipulated bacterial hosts). We screened spontaneous f6 mutants for the ability to infect a novel Pseudomonas syringae host. We sequenced the host attachment gene of 40 of the resulting phage to identify the mutations responsible for host range expansion and developed a statistical method to estimate the total number of ways the attachment gene can mutate to acquire the ability to infect the novel host. In addition, we determined the abundance and magnitude of the pleiotropic fitness costs associated with these mutations on two standard (permissive) hosts and identified the phenotypic basis of the host range expansion.
MATERIALS AND METHODS
Strain and culture conditions: The double-stranded RNA bacteriophage f6 (Cystoviridae) used in this study is a laboratory genotype descended from the original isolate (Vidaver et al. 1973) . The standard laboratory host of f6, P. syringae pathovar phaseolicola strain HB10Y, was obtained from the American Type Culture Collection (ATCC) (no. 21781); an alternate permissive host, P. syringae pathovar japonica strain M301072, was obtained from D. Guttman (University of Toronto, Toronto); and the novel host P. syringae pathovar glycinea strain R4a was obtained from J. Dangl (University of North Carolina, Chapel Hill, NC). Hereafter, hosts are referred to by their pathovar designations. Details of diluting, filtering, culture, and storage of phage and bacteria are published (Mindich et al. 1976; Chao and Tran 1997) . Phage and bacteria were cultured in LC media (5 g yeast extract, 5 g NaCl, and 10 g Bacto-tryptone/liter of H 2 O) and stored in 4:6 glycerol:LC media (v/v) at À20°and À80°, respectively. For growth on plates, phages were mixed with the appropriate host bacteria in top agar (0.7% agar) and plated on LC plates (1.5% agar).
Mutant isolation: f6 clones were plated onto a lawn of the standard (permissive) host phaseolicola and incubated overnight to allow the phages to reproduce and form plaques. After 24 hr, phages were harvested from a randomly chosen isolated plaque and plated onto a fresh lawn of 200 ml of a stationary phase culture of the novel host glycinea. Only phages that acquired a host range mutation during growth of the plaque on phaseolicola form plaques on glycinea. After 24 hr, an isolated plaque was chosen randomly from the glycinea plate, and phages from this plaque were plated on a fresh lawn of glycinea to purify the mutant phages of wild-type f6. A single plaque was harvested and stored for later use in 4:6 glycerol:LC media (v/v) at À20°. This process was repeated 40 times to obtain 40 independent host range mutants.
Sequencing: Genome amplification and sequencing were performed as previously described (Duffy et al. 2006) . Briefly, phages were grown to a high titer and viral RNA was extracted using a QIAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA). Viral RNA was reverse transcribed using random hexamer primers and Superscript II RNase H-RT (Invitrogen, Carlsbad, CA), and the resulting cDNA was used as template for PCR with Taq Polymerase (Invitrogen). We amplified three sections of the medium genome segment, corresponding to bases 1298-2142, 2042-3052, and 2877-3873 , which encompassed the host attachment gene, P3. PCR products were purified using EXO-SapIT (US Biological, Swampscott, MA) and sequenced in both directions using PCR primers and primers internal to each amplicon. Sequencing was performed using BigDye v3.1 (Applied Biosystems, Foster City, CA) either locally with an Avant-3100 Genetic Analyzer Sequencer (Applied Biosystems) or at the UNC Automated Sequencing Facility (University of North Carolina, Chapel Hill, NC).
Examining the characteristics of host range mutations: We used x 2 -tests to compare the chemical properties of the observed P3 mutations to the random expectation. Random expectations were determined from the frequencies of P3 codons with particular chemical properties:
Paired growth fitness assay: Paired growth assays are a standard method for assaying fitness in f6 (Chao 1990 ) and were used to assay fitness on the permissive host japonica. Each host range mutant was mixed with the wild-type f6 at a 1:1 ratio. This mixture was plated on a bacterial lawn and incubated for 24 hr. The ratio of phage genotypes before and after the incubation was determined by plating on a mixed lawn of 200 ml of a 1:1 mixture of phaseolicola and glycinea, on which the wild-type f6 forms turbid plaques and mutant f6 form clear plaques. The relative fitnesses of mutant genotypes were then determined as W ¼ R 1 /R 0 , where R 0 and R 1 are the ratio of mutant to wild-type phage before and after the 24-hr incubation, respectively. Replicate assays (N ¼ 4) were collected in blocks on different days.
Plaque size fitness assay: We recently developed a plaque size assay as an alternative means of measuring fitness on phaseolicola (Burch and Chao 2004) , and this assay proved useful for measuring fitness on the novel host glycinea, on which paired growth assays are not possible (because wild-type f6 does not grow on this host). On phaseolicola, the relationship between the paired growth measure of log(fitness) and plaque area (in square millimeters) is described by the equation: log(fitness) ¼ 0.044 3 (plaque size) À 0.34 (Burch and Chao 2004) . To calibrate the relationship on glycinea, we measured plaque size and the number of phages per plaque for eight host range mutants grown on lawns of glycinea for 24 hr. As on phaseolicola, there is a linear relationship between log(fitness) and plaque area [log(phage/plaque) ¼ 0.71498 3 (plaque size) 1 4.34418; R 2 ¼ 0.7721, F 1,6 ¼ 24.71, P ¼ 0.0025]. Plaque sizes were determined by plating phages onto a lawn of the appropriate host at a low density (,50 phages per plate) to ensure nonoverlapping plaques, incubating at 25°for 24 hr, and taking digital pictures for analysis using ImageJ (NIH, Bethesda, MD; http:/ /rsb.info.nih.gov/ij/). Each plaque size measure is a mean area of plaques on an individual plate. For each genotype, six replicate assays were collected in blocks on different days.
Attachment assays: Attachment assays were performed following the method of Stent (1963) . An exponentially growing culture of glycinea was incubated by shaking at 25°until it achieved an OD of 0.8 ($5 3 10 8 CFU/ml), at which point the bacteria were pelleted and resuspended in one-half the total volume of LC media. A total of 10 3 phage was added to 1 ml of the concentrated bacterial culture and this mixture was incubated at 25°with shaking. Immediately and after 40 min a 500-ml aliquot of this culture was centrifuged at 5000 rpm, 5°for 1 min, and 200 ml of the supernatant were plated on a lawn of phaseolicola cells to obtain a count of the unbound phage remaining in the supernatant. The attachment rate constant was then calculated as k ¼ À1=ð40N Þ 3 lnðP 40 =P 0 Þ, where N is the concentration of bacteria (determined by plating), and P 0 and P 40 are the number of unbound phage at 0 and 40 min, respectively. Replicate assays (n ¼ 4 for mutant genotypes, n ¼ 8 for wild-type f6) were collected in blocks on different days. Statistical analyses: Fitness data were analyzed in Microsoft (Redmond, WA) Excel 2003 and SASv9.1 (SAS Institute, Cary, NC), using Proc GLM and Proc Corr. All models in SAS included block effects, but none of these block effects were significant. To determine which mutations caused a significant reduction in fitness on permissive host types, relative to the wild-type f6, we calculated least significant differences (LSD). The LSD is the smallest difference between any two means that is statistically significant and is used for preplanned comparisons in ANOVA (Sokal and Rohlf 1969) . The t-statistic used to calculate the LSD is determined in the same manner as the t-statistic used in a two-sample t-test, except that the mean square error (MSE) is used in place of the sample variance and the degrees of freedom is based on the MSE.
We used Proc GLM (SASv9.1) to conduct a one-way ANOVA to test for an effect of genotype on attachment rate among the phages examined in this study, including the host range mutants and the wild-type f6. In addition, we implemented a bootstrap procedure in Matlab v6.5 (Mathworks, Natick, MA) to more directly compare the mean attachment rate of the wild-type f6 to that of the host range mutants. We pooled the replicate attachment rate measures for all the mutants and drew 1,000,000 bootstrapped samples of eight measures with replacement from this pool. The mean attachment rates for each bootstrapped sample were used to generate a frequency distribution that describes the expectation for the wild-type f6 mean if the wild-type f6 attachment rate did not differ from the attachment rate of mutant phage. We obtained a P-value by determining the percentage of the bootstrapped means that were lower than the observed mean attachment rate of wildtype f6 (also a mean of eight measures). This P-value is equivalent to the probability that the wild-type f6 attachment rate measures were drawn from the same distribution as the mutant measures.
Estimating the total number of mutations that allow growth on glycinea: Our experiment ran n ¼ 39 independent trials in which one of an unknown number of possible P3 mutations that enable infection of a novel host was sampled randomly (note that 1 of our 40 trials is not included here because it did not sample a mutation in P3). We know that the observed number of mutations is a lower bound on the total number of possible adaptive mutations and use the pattern of variability in the data to estimate how many such mutations may have been missed. This statistical problem is analogous to the well-known coupon-collecting problem (Ross 2002 ) in which we have collected a sample of n coupons and observed K distinct coupons, with some coupons appearing multiple times in our sample. We now want to estimate the total number of distinct coupons N from which our sample has been drawn. This estimation procedure has been used by wildlife biologists since the 1970s (Heck et al. 1975 ) to estimate population sizes of wild populations from samples of trapped animals.
The standard coupon-collecting problem makes several simplifying assumptions that must be adjusted to adapt the methodology for the problem at hand. In particular, the standard problem assumes that every coupon was equally likely to be sampled. However, we know that transition mutations are more likely than transversion mutations and so we expect to sample adaptive transversions less often. Wildlife biologists have made similar adjustments to their models to account for sampling heterogeneity among ''trap happy'' and ''trap shy'' animals (Miller et al. 2005 ). Below we develop likelihood and method-of-moments frameworks for estimating the number of mutants that enable infection of a novel host.
Maximimum likelihood: The probability of obtaining any particular collection of mutations is described by a multinomial distribution governed by the following two rules: (1) each trial can result in one of t 1 r possible outcomes, where t and r are, respectively, the total number of transition and transversion mutations that enable infection of the novel host; and (2) defining a as the ratio of transitions to transversions, the probabilities of sampling particular transitions and transversions are a/(at 1 r) and 1/(at 1 r), respectively. If we now let the random variables J ¼ ( J 1 , J 2 ,. . ., J T ,) represent the number of times the T observed transitions occurred in our data set, and the variables K ¼ (K 1 , K 2 ,. . ., K R ) represent the number of times the R observed transversions occurred, then the likelihood of obtaining these observations is
Since a can be estimated from an external data set, we estimated the total number of mutations that enable infection of the novel host using observed values for a, T, R, J 1 , J 2 ,. . ., J T , and K 1 , K 2 ,. . ., K R and then determining the values of t and r that maximize this likelihood (using the R statistical package; http:/ /www.r-project.org/).
Method of moments: Note that maximum-likelihood estimates for t and r depend only on a; T ; R, and
Recall that a is obtained from external data. Statistical theory guarantees that any estimation procedure based on the sufficient statistics T, R , and N 1 will give the same quality of inference. Therefore, we developed a method-of-moments estimate based on T, R , and N 1 that is simpler to calculate and should give the same quality of inference as maximum likelihood. Using the method-ofmoments estimator, the expectations for T, R , and N 1 are as follows:
The formulas are not too difficult to interpret. The number of transitions that you observe (T ) approximates the average number of observed transitions EðT Þ, where EðT Þ is total number of transitions that exist (t) minus the expected number of transitions that were missed due to sampling error. The probability of missing a particular transition in each of the N 1 trials is (1 À a/(at 1 r)) N1 , so the mean number missed is t(1 À a/(at 1 r)) N1 . Rearranging Equation 3 gives N 1 =nt ¼ a=ðat 1r Þ, and substituting this into Equation 1 gives
This equation was solved iteratively by starting witht 0 ¼ T and definingt
andt ¼ lim k/'tk . Because a was obtained from external data, r was determined by rearranging the definition of a ¼ ðN 1r Þ= ðN 2t Þ to yieldr
We used a parametric bootstrap to determine a 95% confidence interval for these estimates. The bootstrap assumes that the estimates oft andr are the true values and generates simulated data sets on the basis oft,r, and the known a. We generated 1000 simulated data sets of 39 sampled mutations and estimatedt andr for each data set using Equations 6 and 7. Upper and lower 95% confidence limits were calculated, respectively, as the 26th lowest and 975th highest bootstrapped estimates.
RESULTS

Mutant identification:
We isolated a total of 40 host range mutants on the novel host glycinea. To determine which of these mutants carried unique mutations, we sequenced the P3 gene from all 40 mutants. P3 encodes the host attachment spike of f6 (Gottlieb et al. 1988) , and previous studies (Gottlieb et al. 1988; Duffy et al. 2006) implicated P3 in host range expansion. The 40 host range mutants were composed of 19 unique P3 genotypes, designated A-S (Table 1) . One genotype (A) had no mutations in P3, 16 genotypes had a single mutation in P3, and two genotypes (Q and R) had two mutations in P3. However, one of the mutations present in genotypes Q and R was identical to the single mutation possessed by genotype P. These data are consistent with the presence of 17 unique nucleotide mutations in our collection that confer the ability to grow on the novel host glycinea-16 in P3 and 1 elsewhere in the genome. Of the 16 mutations in P3, only 2 (G and H) produced an identical amino acid change.
Number of mutations capable of expanding host range: Because several mutations were represented more than once in our collection, we could use the sampling distribution of particular mutations to estimate the total number of ways that the f6 P3 gene can be mutated to allow infection of the novel host glycinea. This estimation problem is analogous to the ''coupon-collecting problem'' that is well known in probability and statistics, except that we divided the mutations into two rate classes: transitions and transversions. From an external data set we know that the relative rate of transitions per transition site to transversions per transversion site (a) is 24.5 (Burch et al. 2007) . We used the method of moments (MM) to estimate the total number of transitions (t ) and transversions (r ) that allow infection of glycinea from the sampling distribution and a (we report maximumlikelihood, ML, estimates for comparison). Recall that we observed 11 transitions and 5 transversions in our mutation sample. The MM estimate oft was 11.9, with a 95% confidence interval of 11.0 # t # 14.0 (using ML,t ¼ 11.0). The similarity between our estimate oft and the observed number of transitions (11) is consistent with the observation that particular transition mutations were represented as many as eight times in our collection. The MM estimate ofr was 42.9, with a 95% confidence interval of 7.8 # r # 103.5 (using ML,r ¼ 41.9). Our estimate ofr was much higher than the observed number of transversions (5), an observation that is not surprising since no transversions were represented more than once in our collection. In combination, the total number of mutations in P3 estimated to allow growth on glycinea was $55. P3 consists of 643 amino acids, and there are a total of 4380 potential nonsynonymous changes possible in the gene. This means that 55/4380, or 1.3% of nonsynonymous mutations in P3 are predicted to confer the ability to grow on the novel host glycinea.
Note that the value of a used here is itself an estimate, and there is some degree of uncertainty associated with this estimate. However, since a was estimated from external data (Burch et al. 2007 ) to incorporate the uncertainty in our estimate of a would require an extra layer of mathematical modeling and a complete discussion of the external data set. To stay on point and because it makes no difference in the interpretation of our results, we chose not to incorporate this uncertainty in our calculations of the confidence intervals surroundingt andr. The estimatest ¼ 11.9 andr ¼ 42.9 would remain the same, the confidence intervals surroundingt would be affected only slightly, and the confidence intervals surroundingr were already sufficiently wide to indicate a low confidence in the exact estimate of r. In sum, we take our analysis to provide qualitative support for the intuition that many transversions were missed by our screen; our analysis does not indicate conclusively that exactlyt 1r ¼ 54.8 mutations confer the ability to infect the novel host glycinea.
Mutation characteristics: We investigated whether the observed mutations in P3 occurred in amino acid residues with specific chemical characteristics. We used a x 2 -test to compare the observed numbers of mutated residues that were acidic (six), basic (zero), hydrophilic (two), or hydrophobic (three) to the expectation based on the amino acid composition of P3 (9.16% acidic, 8.69% basic, 24.53% hydrophilic, and 57.45% hydrophobic). The chemical properties of amino acids that mutated differed significantly from the random expectation (x 2 ¼ 34.76, d.f. ¼ 3, P , 0.0001) and resulted from the disproportionately high number of mutations that occurred in acidic residues.
Mutational effects: We measured the fitness of the 18 host range genotypes that resulted in different amino acid sequences (all genotypes except H) on the standard hosts phaseolicola and japonica and the novel host glycinea. To narrow our focus to only the mutations that affected host range, we first compared the fitness of the genotypes with two mutations in P3 (Q and R) to that of the genotype with one of the two mutations (P). The fitness of these phages did not differ on any of the hosts (P . 0.2 by a t-test for all six comparisons), so we excluded mutants Q and R from all subsequent fitness analyses.
The fitnesses of the remaining 16 mutant genotypes and the wild-type f6 on the standard and novel hosts are shown in Figure 1 . Fitness improvements on glycinea were generally accompanied by fitness losses on phaseolicola ( Figure 1A ) and japonica ( Figure 1B) . To assess whether these losses were statistically significant we used ANOVAs to calculate the smallest difference between means required to achieve statistical significance-the LSD. Fifteen of 16 host range mutations imposed a significant fitness cost on phaseolicola, and 10/16 imposed a significant fitness cost on japonica (Figure 1 ; P , 0.05; one-tailed LSD). If we, instead, use a Bonferroni correction to account for multiple comparisons (16 comparisons on each host), all but one of these comparisons remains significant.
We also examined whether the pleiotropic effects of mutations on phaseolicola and japonica were correlated with the direct effect of mutations on glycinea. The direct effects of mutations were not significantly correlated with pleiotropic effects on either phaseolicola (Pearson's
However, there was a significant positive correlation between the pleiotropic effects on phaseolicola and the pleiotropic effects on japonica ( Figure 1C 
Phenotypic basis of host range expansion: The fact that most of the mutations responsible for growth on the novel host glycinea were found in the candidate gene P3 suggested host attachment as a candidate mechanistic basis of host range expansion. Measures of the attachment rate constants to glycinea for the wild-type f6 and the 16 focal mutants (genotypes H, Q, and R were again excluded) are shown in Figure 2A . The mean attachment rate constant of the wild-type f6 was 7.35 3 10 À13 (SEM ¼ 1.24 3 10 À12 ), a value that fell within the mutant genotype range of À1.53 3 10 À12 À6.77 3 10 À12 . (Note that the lower bound is mechanically 0, but that negative values can result from error variance.)
If host attachment was the mechanistic basis of host range expansion, we expect the attachment rates of mutant phage to differ from that of the wild-type f6, and we might also expect the attachment rates of mutant phage to differ from each other. However, using a one-way ANOVA to test for differences in attachment rate among these 17 phage genotypes, we failed to find a significant difference (F 16,54 ¼ 1.75, P ¼ 0.0638). This result suggests that there are few or no differences in attachment rate among these 17 genotypes; however, the ANOVA analysis was not designed to test specifically for a difference between the mutant phage and the wild-type f6.
Therefore, we performed a second analysis to more directly test the hypothesis that the attachment rates of mutant phage were higher than that of the wild-type f6. In this test, we resampled the mutant data to determine how often sampling effects, alone, could produce a mean attachment rate as low as or lower than the attachment rate measured for f6. The distribution of 10 6 resampled means is compared to the actual wild-type f6 mean in Figure 2B . The proportion of resampled means that were lower than the actual mean was P ¼ 0.034, confirming that the higher attachment rates observed in mutant phage relative to f6 did not result by chance, but from a real increase in attachment rates in the mutant phage.
DISCUSSION
In this study we investigated the frequency and nature of mutations that expand the host range of the bacteriophage f6. Our results corroborate the finding of a recent study in f6 (Duffy et al. 2006) , that host range expansion is usually, but not always, accompanied by a cost on the standard laboratory host, and expand on that finding in a number of ways. First, we identified 16 mutations in the host attachment gene P3 and predicted the existence of 39 additional mutations that confer the ability to infect the novel host glycinea. Second, (A and B) The relationship between the fitness of mutant phage on the novel host glycinea and one of two standard hosts (phaseolicola or japonica). Data points are means of four replicate measures on host japonica and means of six replicate measures on hosts glycinea and phaseolicola. The solid lines are the mean value of the wild-type f6 on the standard host and the dashed lines correspond to the value below which mutants are significantly lower in value than wild type (the LSD). (C) The relationship between fitness on the two standard hosts. To generate the data, fitness was measured using either a plaque size assay or a paired growth assay (relative growth rate, W ). Plaque area increases linearly with log W.
we determined that costs of host range expansion were apparent, not only on the host to which f6 was well adapted, but also on an alternative permissive host to which f6 was not well adapted. And third, we identified the phenotypic basis of host range expansion, and therefore the proximate cause of the fitness costs, as an increase in attachment rate to the novel host.
These data are particularly relevant to one of the central questions in ecology-understanding the factors that limit the ability of populations to colonize new environments. The answer to this question depends on the abundance of potential colonists and the extent to which potential colonists are maladapted to novel hosts (Holt et al. 2003) . Although our results may address the extent of maladaptation on novel hosts (absolute growth rate on glycinea was 10 4 -fold lower than on phaseolicola over 24 hr, data not shown), we focus on the implications of our results for the abundance of potential colonists in natural populations. In particular, with an understanding of the mutation rate and number of mutations that expand host range, and of the abundance and magnitude of pleiotropic fitness costs, we make a population genetics prediction for the equilibrium frequency of potential colonists in natural f6 populations.
Abundance of mutations that expand host range: Although 1 of 40 mutants did not have a mutation in the host attachment gene P3, the presence of P3 mutations in the other 39 mutants in our collection provides strong evidence that the P3 mutations were responsible for the host range expansion. Indeed, 7 of the 18 observed P3 mutations were present in multiple mutants, ruling out any other possibility. Although 2 of these 18 mutations appeared together with another P3 mutation and could, therefore, be ruled out as the cause of host range expansion, there is strong reason to believe that the remaining 16 P3 mutations did cause the host range expansions. We sequenced a total of 101,610 nucleotides in the mutant genomes and found only 2 secondsite mutations (1 each in mutants Q and R). Assuming that the f6 mutation rate is consistent across genes, we can infer that there were only 10 second-site mutations spread among all 40 mutant genomes (2 second-site mutations/101,610 sequenced bases 3 13,385 bases/ genome 3 40 mutants). Thus, second-site mutations appeared in a minority of genomes and do not make a likely alternative to our conclusion that the P3 mutations caused the host range expansions.
We estimated that 55 different nucleotide substitutions in P3 confer the ability to grow on the novel host glycinea. This number represents 1.3% of the possible nonsynonymous mutations in P3. To our minds this estimate is surprisingly high. Imagine that 55 different mutations enabled avian influenza to infect and transmit between humans. It seems likely that the ease with which f6 mutates to infect glycinea is particular to this virus-host pair, and we can think of two possible reasons why so many mutations confer the ability to grow on the novel host glycinea. First, the ability to grow on glycinea may be acquired through ''loss-of-character'' mutations rather than ''gain-of-character'' mutations. Second, the close relatedness of glycinea pathovars to our standard phaseolicola host (Sarkar and Guttman 2004) might mean that only slight modifications to P3 are required for growth on glycinea.
Although acquisition of the ability to infect a novel host can be thought of as a gain of function, our data suggest that infection of the novel host may be achieved by a proximate mechanism that entails loss of a character that prevents infection rather than gain of a character that allows infection. For instance, the ability to attach to the novel host may have resulted from loss of a structure that prevented attachment rather than gain of a structure that enabled attachment. Consistent with this idea, charge loss contributed disproportionately to the observed amino acid substitutions. In addition, if the ability to grow on the novel host was acquired through loss-of-character mutations, it might explain why the effects of mutations on the standard hosts phaseolicola and japonica were correlated with each other, but uncorrelated with their effects on the novel host glycinea.
An alternative explanation for the large number of mutations that enable growth on glycinea is a close relatedness of the novel host, glycinea, and the standard host, phaseolicola. A recent phylogeny (Sarkar and Guttman 2004) of seven genomic loci of P. syringae pathovars suggests that glycinea pathovars are closely related to our standard host phaseolicola (note that the glycinea pathovar used here was not examined in Sarkar and Guttman 2004 , but the two glycinea pathovars that were examined were both closely related to the phaseolicola host used here). The first step in f6 infection is attachment of the phage to the host's type IV pilus (Roine et al. 1998) , which is chromosomally encoded. Assuming that divergence in the pilus genes reflects divergence across the genome, the type IV pilus structures of glycinea and phaseolicola should be similar. In this case, only slight modifications to P3 may be required to bind to the similar type IV pilus of the novel host glycinea. If we had used a more distantly related novel host, we suspect that we would have observed fewer mutations capable of allowing growth on that host.
Abundance and nature of pleiotropic fitness costs: Our results indicate that mutations that enable growth on a novel host are generally characterized by negative (antagonistic) pleiotropic effects for growth on standard (permissive) hosts. Although the prevalence and magnitude of negative pleiotropy differed slightly between the two permissive hosts we examined, the general form of pleiotropic effects did not differ. Negative pleiotropy predominated on both phaseolicola and japonica despite a 10 the wild-type f6 on these two standard hosts (data not shown). The high frequency of negative pleiotropy among the mutations in ours and a previous collection of mutations that expand host range in f6 (Duffy et al. 2006) provides consistent support for the expectation that adaptation to one host should generally be accompanied by loss of fitness on alternative hosts.
The consistency of negative pleiotropy among the mutations in our collection contrasts with the mixed results of previous studies of host range expansion in which individual mutations were approximately equally likely to exhibit positive and negative pleiotropy (Aytay and Schulze 1991; Subbarao et al. 1993; Shioda et al. 1994; Couderc et al. 1996; Llmas-Saiz et al. 1996; Kobasa et al. 1999; Hanley et al. 2003) . We suspect that the high frequency of negative pleiotropy among mutations that expanded host range in f6 resulted in part because the proximate mechanism underlying host range expansion was an increase in the rate of attachment to the novel host. Acquiring the ability to attach to a novel host (a new function) is a common mechanism of host range expansion in viruses (Baranowski et al. 2001) , probably because the host surface is more divergent than components of the host cytoplasm. Further adaptation to a novel host would likely involve adapting to less divergent host cell components and be less characterized by negative pleiotropy. A similar investigation of beneficial mutations in Escherichia coli also indicated that the abundance and form of pleiotropic effects are highly dependent on the proximate mechanism of adaptation (Ostrowski et al. 2005) .
It is worth considering whether the host physiology differences between the lab and natural environments had an effect on the observed frequency of negative pleiotropy in our mutant collection. Although physiology differences may have affected the magnitude of pleiotropic effects, we suspect that physiology differences probably did not affect their frequency. First, we observed that pleiotropic effects were highly correlated on the two permissive hosts despite a 10 7 -fold difference in absolute fitness of the wild-type phage on these two hosts. Second, although it is clear that differences in host physiology would alter the absolute fitness of phage genotypes, it is not clear that physiology differences would alter the relative fitness of those genotypes. Finally, the mutations in our collection affected the attachment of phages to their hosts. Because attachment occurs outside the host cell, it should be less affected by host physiology than other aspects of the phage life cycle.
Implications for disease emergence: In this study, we investigated the genetic determinants of a major predictor of disease emergence in models of population ecology (Sokurenko et al. 2006) , the rate of transmission into the novel host. We focused on the scenario in which the ability to infect a novel host requires a mutation. In this case, transmission rate depends on the equilibrium frequency in a source population of genotypes capable of infecting the novel host (potential colonists).
By considering our data in a population genetics context, we can predict the equilibrium frequency of potential colonists in a source population growing on the standard host phaseolicola. Two forces act to determine the equilibrium frequency of potential colonists. Mutation acts to increase the frequency of potential colonists and, if the ability to infect the novel host imposes a pleiotropic fitness cost, selection acts to decrease the frequency of potential colonists. For individual mutations, the equilibrium frequency,q, at which the two forces are exactly balanced is known from population genetics (Crow and Kimura 1970) to bê q % m=s, where m is the mutation rate and s the selection coefficient on the standard host. We consider only the mutations in our collection that exhibited pleiotropic fitness costs on the standard host phaseolicola and show the predicted equilibrium frequency of each mutation in Figure 3 . We used the selection coefficients measured on the standard host phaseolicola and mutation rate estimates of m ti ¼ 1.9 3 10 À6 for transitions and m tv ¼ 1.5 3 10 À7 for transversions, both of which were measured in another study (Burch et al. 2007) . It is clear from these data that the distribution of negative pleiotropic effects among mutations in our collection does not precisely predict the distribution of negative pleiotropic effects among host range mutations segregating in natural phage populations. In particular, mutations with large negative pleiotropic effects were reasonably common in our collection. However, the strength of selection acting against such mutations is expected to keep them at a relatively low frequency in natural populations.
In addition to predicting the equilibrium frequencies of individual mutations, we used our data to predict the total equilibrium frequency of host range mutations in Figure 3 .-Predicted equilibrium frequencies of host range mutations before an encounter with the novel host. Equilibrium frequencies for each of the observed mutations were calculated asq ¼ m=s, where m is either the transition or the transversion mutation rate, and s is the observed fitness cost on the standard host phaseolicola. Solid circles indicate the equilibrium frequency of the individual observed mutations. Shaded bars depict these data as a histogram by collecting the individual mutations into bins of width 0.005. a source population growing on the standard host phaseolicola,f HR , by summing the equilibrium frequencies over all the mutations in Figure 3 . In this manner, we estimated an equilibrium frequency of mutations that enable infection of the novel host to bef HR ¼ 3 3 10 À4 . Note that this equilibrium frequency is slightly underestimated because it does not include the ($39) mutations missed by our screen, but it is slightly underestimated only because most of the missed mutations were transversions. Note that the estimate off HR ¼ 3 3 10 À4 is well above the phage mutation rate [m % 2 3 10 À6 (Chao et al. 2002) ] because several of the mutations in our collection exhibit very small costs. Thirty-eight percent of the host range mutations present in equilibrium populations are expected to exhibit fitness costs on the standard host phaseolicola of ,5% (i.e., s , 0.05).
The substantial variation in pleiotropic fitness costs observed here among mutations that expand host range may explain the observation in viruses and other host specialists that performance tradeoffs among hosts are more common in laboratory populations (e.g., Novella et al. 1995; e.g., Turner and Elena 2000) than in natural populations (Fry 1996) . Adaptation in laboratory populations of microbes generally occurs via selection acting on novel mutations, whereas adaptation in natural populations should more often occur via selection acting on standing genetic variation (i.e., mutations present in populations that are at an equilibrium between mutation and selection). If there is variation in pleiotropic fitness costs, then novel mutations will be characterized by larger pleiotropic costs on average than the standing genetic variation, and laboratory populations would be expected to exhibit larger fitness tradeoffs among hosts than natural populations. In other words, if pleiotropic fitness costs are not universal among the mutations that expand host range, we should not expect to observe large fitness tradeoffs in nature. Adaptation to a novel host need not impose fitness costs on the standard host, at least in the short term.
Finally, our data lend support to one of two nonmutually exclusive hypotheses for why RNA viruses are the major contributor to emerging disease. Our data support the hypothesis that the high mutation rate characteristic of RNA viruses ensures the existence of a high frequency of mutations that allow colonization of a novel host before the initial transmission to that host (Morse 1995; Domingo et al. 1998; Moya et al. 2004) . Although our data cannot address the alternative hypothesis that the high mutation rate of RNA viruses allows adaptation to a novel host after the initial transmission (Antia et al. 2003) , we note that the first hypothesis is consistent with the accepted explanation for the rapid evolution of drug resistance in RNA viruses such as HIV. Drug resistance evolves rapidly because mutations that confer resistance are circulating in the viral population before the drug is administered (Zhang et al. 1991; Mohri et al. 1993) .
